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ABSTRACT
Since 2012, a triboelectric nanogenerator (TENG) has provided new possibilities to convert tiny
and eﬀective mechanical energies into electrical energies by the physical contact of two objects.
Over the past few years, with the advancement of materials’ synthesis and device technologies,
the TENGs generated a high instantaneous output power of several mW/cm2, required to drive
various self-powered systems. However, TENGs may suﬀer from intrinsic and practical limitations
such as air breakdown that aﬀect the further increase of the outputs. This article provides
a comprehensive review of high-output TENGs from fundamental issues through materials to
devices. Finally, we show some strategies for fabricating high-output TENGs.
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1. Introduction
Since the ﬁrst report of triboelectric nanogenerator
(TENG) on 2012, the rapid development of a variety
of functional devices and high-performance materials
dramatically enhanced the output power, proven to
be one of the highly eﬃcient, simple, robust and cost-
eﬀective techniques for converting mechanical ener-
gies around us to electricity [1–5]. The mechanical
energy sources involve a wide variety of classiﬁcations
for types of energy such as human motion, wind ﬂow,
ﬂowing water, vibration and any other mechanical
motion. Under surrounding environments of ambi-
ent temperature and relative humidity, and under
practical input force conditions associated with each
energy sources, quite high instantaneous power den-
sities up to several tens of mW/cm2 were routinely
reported in several papers so far [1,6–11]. The
technological advances made the TENGs to ensure
continuous and reliable supply of power for many
devices such as wearable devices, sensors, smart-
phones and medical devices, giving the realization
of various self-powered systems [8,12–17].
Among many potential applications in the near
future, the self-powered wireless communication
technologies may be quite attractive because of the
broad applicability such as sensor network system,
security systems, intelligent transportation systems
and patient monitoring and telemedicine [18,19]. So
far, the technologies have transformed the means of
information exchange or sharing, communication
and transactions, leading to the new digital economy.
They are also deeply related with the realization of
The Fourth Industrial Revolution, stimulated by
numerous internet of things (IOT) sensors and
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wireless transmission of data or information. Thus,
the global market in the wireless data communication
market was reported to be valued at 794.6 million
USD in 2018, expected to reach 1867.8 million USD
by 2023 [20]. Introducing a new concept of self-
powered technologies will allow many devices to be
free from any power cables or battery-changing task,
which will further increase the market, more than as
expected. Figure 1 shows the power consumption of
the Bluetooth, compared with the instantaneous out-
put power densities of various TENGs developed so
far. It is obviously seen that the Bluetooth energy has
continuously decreased, while the output power of
the TENGs has increased up to several mW/cm2
[1,7–9,11]. This means that the output power may
become comparable to the Bluetooth energy in the
near future. However, for the successful implementa-
tion of TENGs in practical applications, it is essential
to store the suﬃcient output power in a capacitor or
a battery, to operate the devices. Although there was
some progress in increasing the charging eﬃciency
via the optimized circuit design, the eﬃciency was
still so low [21,22].
In general, many strategies to increase the output
powers of TENGs are based on the enhancement of
the charge transfer occurring between two contacted
surfaces to increase the transferred charge density
because it determines the electric potential between
two electrodes. According to the triboelectric series,
many combinations associated with various polymers
have been applied to various TENGs to show quite
high charge densities up to several hundred μC/m2
[6,8,10,23,24]. Some advances associated with the
contacted materials involved electronic and structural
modiﬁcations, such as a large work-function diﬀer-
ence, high porosity, large dielectric constant and large
surface roughness [17,25–32]. The maximum charge
density of these TENGs in practical environments,
however, requires additional processes, such as artiﬁ-
cial charge injection and poling process under high
electric ﬁeld [6,10,33]. Recently, several modiﬁcations
to amplify the current ﬂowing through the external
circuit have been successfully demonstrated [34,35].
Metal-dielectric-metal structures or metal-metal con-
tacts have been introduced and have been proven to
increase the charge density of the TENG by several
times [8,36]. Here, we review various strategies for
ultrahigh outputs generation in triboelectric energy
harvesting technologies from the charge transfer
mechanism to the fabrication of the devices.
2. Contact-electriﬁcation eﬀect
Contact electriﬁcation (CE) is the charging of the
surfaces due to the charge transfer occurring during
the physical contact between two materials. The CE
has been studied for a long time (~2600 years) ago
since Thales of Miletus showed that rubbing amber
against wool could make electrostatic charges [37].
Actually, the CE routinely occurs around us and
common sense tells us that it is strengthened in
a dry environment. Despite of its long history and
practical importance, there have still been many
debates about the origin of the CE and strategies to
control the CE were not investigated systemati-
cally yet.
In general, the charge transfer mechanism has
been explained via the transfer of ions and electrons
according to types of the contacted materials [38–44].
In insulator-insulator systems, the ion transfer was
proposed to explain the electriﬁcation, evident in CE
related with the polymers containing mobile ions.
Figure 1. Power consumption for Bluetooth and instantaneous output powers of various TENGs.
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The electron transfer mechanism has been mainly
applied to the metal-polymer systems although the
ion transfer has been also useful in a few light con-
tacts. In this mechanism, physical concepts such as
eﬀective work function and density of states have
been utilized in equilibrium model, in which it was
important to lower the charge-neutrality level of the
surface states to increase the transferred charge den-
sity. A local model predicted that the charge exchange
could be determined by the localized structure of the
polymers, that is, the number and the position of
insulator states. If the states were tuned on the basis
of the energies and positions by introducing various
functional groups, electron-transfer and charge-
retention characteristics of the polymers would
change accordingly. The molecular ion state model
also supported the charge carrier transfer between
polymers, leading to the formation of anion states
and accepter states. However, the charges carrying
states in polymers were similar to the ions in
solution.
3. Eﬀective charged materials
According to the suggested CE mechanisms and tri-
boelectric series, most researchers have tried to ﬁnd
the best combinations of metals and polymers for
maximizing the charge density. As positively charged
materials, aluminum (Al) as a form of foil and ﬁlm,
was widely used because of the excellent electron
donor characteristics although there have been pro-
mising candidates consisting of gold (Au), copper
(Cu), etc. [6,11,12,43,45,46]. Actually, the strategy
for the positively charged material may be simple.
According to the electron transfer mechanism, the
materials with the lowest work function will be the
best candidates, such as Al, zinc (Zn), etc. However,
the surface of such metals may be easily oxidized and
reacted, thus, a thin oxide layer was always formed
[40,47]. A TENG composed of Al and polytetraﬂuor-
oethylene (PTFE) layer was fabricated, in which the
Al was deposited by e-beam evaporation onto indium
tin oxide substrate. The charge density was measured
to be about 90 μC/m2 in a nitrogen atmosphere, but
after 3 days in air, it decreased to 50 μC/m2, as shown
in Figure 2. Other issue to be considered is the
stretchability of the metals. The metals are quite
rigid and once bent or wrinkled, they are not easily
restored. Recently, Kim et al. synthesized
a stretchable conductive layer composed of Ag nano-
wires-polydimethylsiloxane (PDMS) composite, onto
which 4-dimethylaminopyridine (DMAP)-capped Au
nanoparticles were coated to reduce the work func-
tion of the surface layer [48]. The stretchable layer
played an important role in enhancing the contact
uniformity, increasing the charge density on the sur-
face of the polyimide (PI) layer. The surface of Au
was modiﬁed with thiol molecules by using self-
assembled monolayer (SAM), lowering the electrone-
gativity at the surface, and the output power of the
TENG fabricated with ﬂuorinated ethylene propylene
(FEP) was enhanced by ~4 times [49].
Negatively charged materials can be much more
complex than positively charged materials. It is well
known that the charge density is inﬂuenced by the
surface chemical potential diﬀerence between the two
contacted materials, according to the following gen-
eral equation [40],
σ ¼ W  E0ð Þe½  1þ
t=εz
 
t=εε0 þ 1=Ns Eð Þe2
 
1þ t=εz
 
where Ns Eð Þ is the density of surface states
(m−2∙eV−1), W is the work function of the metal, E0
is the charge-neutrality level of the surface states, e, t,
ε, ε0 and z are the charge of an electron, distance of
space, relative permittivity of dielectric, vacuum per-
mittivity of free space and thickness of dielectric ﬁlm.
The charge-neutrality level is the energy level at
which the interface at the metal-polymer system is
electrically neutral; it is determined by considering all
molecular states as well as the highest occupied mole-
cular orbital (HOMO) and lowest unoccupied mole-
cular orbital (LUMO) resulting from interfacial
interactions. In some polymers, the level is known
to be located close to the LUMO as the density of
states is higher around the HOMO [38]. The above
equation indicates that as the position of the charge-
neutrality level becomes lower, the surface charge
density increases accordingly.
At the beginning of the research, most researchers
focused on the electronegativity of polymers because
it was deeply related with charge-neutrality level.
Electronegativity refers to the ability of an atom to
attract the electrons shared by atoms in a covalent
Figure 2. The charge densities of the TENGs composed of Al
and PTFE layer. The Al was deposited by e-beam evaporation
and the charge densities were measured after 3 days in air.
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bond. The higher the value of the electronegativity,
the more strongly the atom attracts the electrons.
Fluoro group (-F) has the highest tendency to attract
electrons, thus, various polymers with the ﬂuoro
group such as PTFE, FEP and polyvinylidene ﬂuoride
(PVDF) were tested and quite high instantaneous
outputs were reported in various-type TENGs
[45,49,50]. Recently, the surface of PDMS in an arch-
shaped TENG was modiﬁed via ﬂuorocarbon (C4F8)
plasma treatment (Figure 3(a,b)), the TENG output
peak voltage increased sharply from 124 V to 265
V after eight-cycle plasma treatment (Figure 3(c)).
The energy volume density of TENG was enhanced
by approximately 278%, compared with the TENG
fabricated with pristine PDMS layer. The enhance-
ment of the outputs was attributed to the increase of
the ionization energy by ﬂuorination and the forma-
tion of PDMS micro/nano hierarchical structures by
the treatment (Figure 3(d,e)).
To increase the surface roughness has been com-
monly used to increase the contact area between
two materials. Various patterns with various fea-
tures, such as lines, cubes, pyramids and nanowires
on the surface are made by a simple patterning
process and a reactive ion etching (RIE) process,
respectively [3,45,51]. PDMS was widely used as an
eﬀective dielectric because it was quite viscoelastic
due to the ﬂexible polymer chain by their siloxane
linkages, by a simple curing process. Thus, various
patterns were fabricated by using conventional pat-
terning processes. However, there have been still
debates about the relationship between the surface
roughness and the contact area because the poly-
mers were generally soft and compressible, com-
pared with the metals. Recently, Dudem et al.
demonstrated that the contact force, deﬁned as
a product of eﬀective/normal stress and contact
area, contributed to the increase of the surface
charge density by investigating the relationship
between the period of nanopillar array on PDMS
surface and the contact force, and the outputs of
the TENGs [52].
Figure 3. (a) Schematic view of 3D structure and (b) photo of the high-performance triboelectric nanogenerator. (c) Output
voltage waveform of the triboelectric nanogenerator with diﬀerent surface chemical modiﬁcations (i.e., plasma treatment cycle)
under the external force with a frequency of 5 Hz. (a-0 cycle, b-1 cycle, c-2 cycles, d-4 cycles, e-8 cycles, f-10 cycles, g-20 cycles).
(d) SEM images. (e) The theoretical calculation results of vertical ionization energy of model complexes of PDMS and
ﬂuorocarbon layer deposited by the C4F8 plasma treatment. Copyright 2014 Elsevier. Reproduced with permission from [50].
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The mechanical properties of the polymers were
further investigated by introducing micropores to the
polymers. According to the following equation,
I ¼ @Q
@t
¼ V @C
@t
þ C @V
@t
the output current of the TENG can be determined
by the capacitance change and the capacitance of the
polymer. However, from materials aspect, the two
factors are in negative correlation when determine
the power, that is, if the capacitance change
increases, the ﬁlm becomes compressible and the
capacitance decreases due to the presence of air in
the pores. Various mesoporous ﬁlms such as PDMS,
PTFE and PVDF were achieved by the use as sacri-
ﬁcial materials such as water and ZnO [27,53]. The
electrical outputs of the TENGs fabricated with the
mesoporous ﬁlms were enhanced by several times
due to the increase of the contact area and the ﬁlm
displacement. Interestingly, the TENGs showed
stable output performance less sensitive to humidity.
Chun et al. also demonstrated a TENG without air
gap by impregnating Au nanoparticles into the
pores. A mesoporous ﬁlm was fabricated after
removal of DI water and Au NPs inside the pores,
and the Au nanoparticles were naturally positioned
on the bottom side of pores (Figure 4(a)). The por-
osity increased to approximately 59% as the amount
of water increased to 50% (Figure 4(b)). It was also
possible to fabricate a large-area mesoporous PDMS
thin ﬁlm (30 cm × 30 cm) and the ﬁlm was seen to
be quite ﬂexible by the stress–strain curve measure-
ment. The output voltages signiﬁcantly increased
with the porosity and the Au nanoparticles concen-
tration, as shown in Figure 4(c). The aligned dipoles
produced due to the charges created by the contact
Figure 4. (a) Top and cross-sectional SEM images of a mesoporous PDMS ﬁlm with Au NPs (0.28 wt%). (b) Porosity changes as
a function of the DI water concentration ranging from 0% to 50%. The insets show SEM images of mesoporous ﬁlms with
various porosities. (c) The output voltages generated by the AMTENG as a function of the porosity ranging from 0% to 59% at
a ﬁxed Au content (0.28 wt%) and the Au NP concentration ranging from 5.8 to 28.8 × 10−2 wt%. (d) The charge generation
mechanism of the AMTENG under an external force and short-circuit conditions. Copyright 2015 Royal Society of Chemistry.
Reproduced with permission from [27].
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between Au and PDMS inside the pores explained
the increase of the electrical potential (Figure 4(d)).
As for the capacitance change, the capacitance,
that is, the dielectric constant value should be
increased. In general, polymer composites composed
of high dielectric materials were widely used as eﬀec-
tive dielectrics to enhance the output power of the
TENGs [10,54–56] Ferroelectric nanoparticles such as
BaTiO3 increased the surface charge potential, enhan-
cing the charge transfer behavior. The charge-
trapping capability was also enhanced via the increase
of the dielectric constant, thus, providing larger out-
put current. However, due to the diﬀerent mechanical
properties of the organic and inorganic materials, the
materials can be unstable during the operation for
a long time. Lee et al. reported a robust nanogenera-
tor based on poly(tert-butyl acrylate) (PtBA)–grafted
PVDF copolymers via dielectric constant control
through an atom transfer radical polymerization
technique [30]. The grafting of PtBA onto the
PVDF backbone increased the dielectric constant
from 8.6 to 16.5 at the grafting ratio of 18%, enhan-
cing the instantaneous output power by 20 times.
Here, a linear relationship between the dielectric
constants and output currents of the TENG was
clearly proved by measuring saturated times and cur-
rents of PVDF-based TENGs with grafting ratios.
So far, various single-layered ﬁlms were reviewed as
eﬀective dielectrics in TENGs. Recently, multi-layered
ﬁlms have been fabricated by introducing electron
accepting layers such as polystyrene (PS), MoS2,
reduced graphene oxide (rGO) and TiOx [57–60]. Cui
et al. suggested a new concept that more charges would
be trapped inside the layers via the abundant trap levels
of electrons that the PS had. The insertion of the PS
layer between PVDF and Al electrode signiﬁcantly
increased the charge density by 7 times, compared
with pristine PVDF ﬁlm. Wu et al. tried to explain the
increase of the charge density via the energy band dia-
gram of PI/rGO/PI (Figure 5(a)). During the physical
contact between the top PI layer and the Al electrode,
electrons were transferred to PI and as the external
forces are released, an electric ﬁeld directed from the
bottom substrate to the top surface was generated by the
positive charges driven in the bottom electrode. Thus,
the transferred electrons will be captured into the rGO
layer along with quantum conﬁnement eﬀects, sup-
ported by the C-V measurements by applying voltage
Figure 5. (a) Illustration of the vertical contact-separation mode TENG with a PI:rGO ﬁlm. The right panel shows a schematic
diagram of electron transfer from the PI layer to the rGO sheets. Optical image of the vertical contact-separation mode TENG.
The inset presents an optical image of the separated PI:GO layer. Scanning electron microscopy (SEM) images of the PI:rGO layer.
The inset presents an SEM image of the PI (Kapton)/PI:rGO/PI stacked layer. (b) C-V curves of the Al/p-Si/PI/PI:rGO/PI/Al device.
The inset presents a schematic of the device used for the C-V measurements. Schematic diagram of the energy bands for the
ﬂoating-gate metal-insulator-semiconductor (MIS) device under zero bias (up) and under negative bias (down). (c) Dependence
of the output voltage and the current density on the external loading resistance (left). Dependence of the output power density
on the external loading resistance (right). Copyright 2017 Elsevier. Reproduced with permission from [59].
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sweeps from −1 to −9 V (Figure 5(b)). This has
increased the TENG output to 6.3 W/m2 (Figure 5(c)).
Lee et al. reported that the electric outputs of the
TENGs were enhanced by several tens percent when
the two-layered dielectric ﬁlm composed of the PVDF
and PI-BTO was used [22]. The enhanced charge den-
sity was interpreted in terms of the two electrostatic
forces, acting between the top electrode and the dielec-
tric, and the dielectric and the bottom electrode. To
maximize the charge density between the electrodes,
the two forces needed to be balanced.
The charge density was also increased by ions injec-
tion as well as the contact electriﬁcation. The charge
injection in TENG by using corona discharging was
studied because the maximum charge density would
be limited by the air breakdown, considered
a straightforward way to further increase the charge
density [6,58]. In general, the dielectric strengths of
the polymers used as dielectrics are larger than that of
the air, indicating that the charge density can be further
increased by the ion-injection process. Wang et al.
reported that the negative ions such as CO3
−, NO3
−,
NO2
−, O3
− and O2
− were injected onto the surface of
FEP, making it negatively charged. The charge density
was increased by approximately 5 times, to 240 μC/m2
after a few times of injection. The process was applied to
various dielectrics such as PTFE/PA6(polyamide-6),
PTFE and a parylene C/polyimide/SiO2. However, the
charge densities of the TENGs fabricated with a single-
layer were still not increased, although a little increase
was observed in the multilayered ﬁlm.
4. Upcoming breakthrough technologies
toward high-output generation
Very high electric potentials in the range of several
hundred to several thousand voltages were commonly
generated between the two separated materials with
the opposite triboelectric charges. Wang et al. reported
that a high voltage of 1.5 × 105 V would be induced
with a charge density of 300 μC/m2 [46]. When the
dielectric was stressed by such high voltage (that is,
high electric ﬁeld), the air and the dielectric can begin
to break down, becoming partially conductive. Table 1
shows the dielectric constants and dielectric strengths
of various materials at room temperature [61–63]. The
dielectric strength is the maximum electric ﬁeld that
can exist in a dielectric without electric breakdown.
The electric ﬁelds are in the range of several tens of 106
V/cm, not signiﬁcantly dependent on the dielectric
constant. Thus, the breakdown mechanism may limit
the maximum retainable charge density which can be
generated in TENGs.
To overcome the limitation of the materials, a new
type of TENGs was suggested, based on metal-metal
contact for current ampliﬁcation [8,36]. In the structure,
an Al layer was added underneath the positive-charged
layer (i.e. Al) and the direct electrical connection of the
positive-charged layer to the earth (ground) induced the
eﬃcient charge separation in the layer, based on Volta’s
electrophorus. This provided substantially larger electric
potential at even low-frequency regime, producing an
enhanced instantaneous output current of 1.22 mA.
The shape of the single current peakwas seen to be totally
diﬀerent from those in two-layered TENGs. Chung et al.
also demonstrated a new TENG generation mechanism
involving the Leyden jar eﬀect, where a capacitor was
combined with the TENG. The TENG was composed of
a capacitor, a TENG unit and a cylinder containing the
TENG. In the capacitor, the charges that the TENG
generated were temporarily stored and by the metal-
metal contact, they were released to the electrode,
which produced a large peak current. Interestingly, the
internal impedance of the TENG was decreased to 100
kΩ by the contact.
Recently, self-charging technologies in TENGs for
further increase of the charge density were demon-
strated by using a network of capacitors and diodes
[34,35,64]. Cheng et al. reported a self-improving
TENG composed of two parts, that is, a TENG in
vertical contact-separation mode which generates
charges and a plane-parallel capacitor to store the
charges generated in TENG (Figure 6(a)). The two
parts were stacked vertically, connected with
a rectiﬁer bridge to convert the alternating current
(AC) voltage to the direct current (DC) voltage in
one direction. Figure 6(b) shows the current ﬂowing
from the rectiﬁer bridge into two parallel capacitors,
which increased the voltage between two electrodes of
the capacitors. By this process, the charge density was
increased from 45 μC/m2 to 325 μC/m2 (Figure 6(c)).
Furthermore, ions injection method signiﬁcantly
increased the charge density to 490 μC/m2. Liu et al.
further increased the charge density to 1250 μC/m2
by utilizing voltage-multiplying circuits consisting of
Zener diodes and capacitors. In this paper, the two
parts were placed in parallel. The technologies are
expected to be a promising strategy for high-output
TENGs toward practical applications; however, addi-
tional space is required for the circuits and one addi-
tional device. Accurate control in the operation of the
two parts may be also needed.
Table 1. Dielectric constants and dielectric strengths of var-
ious materials at room temperature.
Material
Dielectric constant
(k)
Dielectric Strength
(MV/m)
Air (dry) 1.00059 3
Nylon 3.4 14
Polystyrene 2.56 24
Polyvinyl chloride 3.4 40
Polytetraﬂuoroethylene 2.1 60–173
Polyvinylideneﬂuoride
[61]
8.4 64.2
Polyimide [62] 3.4 2–3.5
Polydimethylsiloxane
[63]
2.3–2.8 65
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4. Conclusions
We have summarized the recent progress in the develop-
ment of high-output TENGs from fundamentals to
devices. Since the discovery of the TENGon 2012, various
TENG devices including the materials’ synthesis technol-
ogies generated quite high instantaneous power densities
up to several tens of mW/cm2 under practical input force
conditions associated with various mechanical energy
sources. Because of the rapid development during a few
years, various potential applications such as portable
power source and self-powered sensors successful demon-
strated, giving the possibility of the commercialization,
especially, related with self-powered wireless transmission
technologies. The charge density of the TENGs was con-
tinuously increased, by introducing ions injection and
poling process under high electric ﬁeld to multi-layered
ﬁlm or composites-type ﬁlm. Further increase of the
charge density may be limited by air breakdown,meaning
that designing concepts for new devices are needed, such
as metal–metal contacts and self-charging technologies.
We believe that this review can be useful and helpful for
designing energy harvesters which are possible to provide
suﬃcient energy with portable electronic devices.
Disclosure statement
No potential conﬂict of interest was reported by the
authors.
Funding
This work was supported by Samsung Research Funding
Center of Samsung Electronics under Project Number
SRFC-TA1403-51.
References
[1] Fan F-R, Tian Z-Q, Lin Wang Z. Flexible triboelec-
tric generator. Nano Energy. 2012;1:328–334.
[2] Wang ZL. Self-powered nanosensors and
nanosystems. Adv Mater. 2012;24:280–285.
[3] Fan F-R, Lin L, Zhu G, et al. Transparent triboelec-
tric nanogenerators and self-powered pressure sen-
sors based on micropatterned plastic ﬁlms. Nano
Lett. 2012;12:3109–3114.
[4] Zhu G, Lin Z-H, Jing Q, et al. Toward large-scale
energy harvesting by a nanoparticle-enhanced tribo-
electric nanogenerator. Nano Lett. 2013;13:847–853.
[5] Chen J, Zhu G, Yang W, et al. Harmonic resonator
based triboelectric nanogenerator as a sustainable
power source and a self powered active vibration
sensor. Adv Mater. 2013;25:6094–6099.
[6] Wang S, Xie Y, Niu S, et al. Maximum surface charge
density for triboelectric nanogenerators achieved by
ionized-air injection: methodology and theoretical
understanding. Adv Mater. 2014;26:6720–6728.
[7] Yang W, Chen J, Jing Q, et al. 3D stack integrated
triboelectric nanogenerator for harvesting vibration
energy. Adv Funct Mater. 2014;24:4090–4096.
[8] Chun J, Ye BU, Lee JW, et al. Boosted output per-
formance of triboelectric nanogenerator via electric
double layer eﬀect. Nat Commun. 2016;7:12985.
Figure 6. (a) Schematic diagram of the self-improving triboelectric composed of PET, PVDF and PVDF/epoxy resin (EP). Optical
image of a SI-TENG. Charge accumulating process of the SI-TENG and corresponding charge transfer direction in the circuit. The
friction layers in part I are replaced by positive and negative charges, and the PET ﬁlm in part II are not shown in the image. (b)
The current measured at the positive pole of the rectiﬁer bridge shows the charge generated by the voltage source ﬁlled into
the plane-parallel capacitor structure (PPCS). Output voltage and current of the self-improving triboelectric nanogenerator
increase with charge accumulation in the PPCS. (c) The output current and the transferred charge density, respectively, of part
I (left lines), part II (middle lines) and the self-improving triboelectric nanogenerator (SI-TENG). Copyright 2018 Springer Nature.
Reproduced with permission from [34].
Sci. Technol. Adv. Mater. 20 (2019) 934 J. M. BAIK AND J. P. LEE
[9] Wang J, Wen Z, Zi Y, et al. Self powered electro-
chemical synthesis of polypyrrole from the pulsed
output of a triboelectric nanogenerator as
a sustainable energy system. Adv Funct Mater.
2016;26:3542–3548.
[10] Kim M, Park D, Alam MM, et al. Remarkable output
power density enhancement of triboelectric nanogen-
erators via polarized ferroelectric polymers and bulk
MoS2 composites. ACS Nano. 2019;13:4640−4646.
[11] Yang J, Yang F, Zhao L, et al. Managing and opti-
mizing the output performances of a triboelectric
nanogenerator by a self-powered electrostatic vibra-
tor switch. Nano Energy. 2019;46:220–228.
[12] Kim KN, Chun J, Kim JW, et al. Highly stretchable
2D fabrics for wearable triboelectric nanogenerator
under harsh environments. ACS Nano. 2015;9
(6):6394–6400.
[13] Zhong J, Zhong Q, Hu Q, et al. Stretchable
self-powered ﬁber-based strain sensor. Adv Funct
Mater. 2015;25(12):1798–1803.
[14] Lai Y-C, Deng J, Zhang SL, et al. Single-thread-based
wearable and highly stretchable triboelectric nano-
generators and their applications in cloth-based
self-powered human-interactive and biomedical
sensing. Adv Funct Mater. 2017;27(1):1604462.
[15] Lin Z-H, Xie Y, Yang Y, et al. Enhanced triboelectric
nanogenerators and triboelectric nanosensor using
chemically modiﬁed TiO2 nanomaterials. ACS
Nano. 2013;7:4554–4560.
[16] Dong K, Deng J, Zi Y, et al. 3D orthogonal woven
triboelectric nanogenerator for eﬀective biomechani-
cal energy harvesting and as self-powered active
motion sensors. Adv Mater. 2017;29(38):1702648.
[17] Zhang X-S, Han M-D, Wang R-X, et al. Frequency-
multiplication high-output triboelectric nanogenera-
tor for sustainably powering biomedical
microsystems. Nano Lett. 2013;13(3):1168–1172.
[18] Baldini G, Karanasios S, Allen D, et al. Survey of wireless
communication technologies for public safety. IEEE
Commun Surv Tutorials. 2014;16(2):619–641.
[19] Pau G, Ghaudet C, Zhao D, et al. Next generation
wireless technologies for internet of things. Sensors.
2018;18(1):22.
[20] Half-cooked research reports, wireless data commu-
nication market research report - global forecast till
2023. 2019; https://www.marketresearchfuture.com/
reports/wireless-data-communication-market-1118.
[21] Ghaﬀarinejad A, Hasani JY, Hinchet R, et al.
A conditioning circuit with exponential enhance-
ment of output energy for triboelectric
nanogenerator. Nano Energy. 2018;51:173–184.
[22] Lee JP, Lee JW, Yoon B-K, et al. Boosting the
energy conversion eﬃciency of a combined tribo-
electric nanogenerator-capacitor. Nano Energy.
2019;56:571–580.
[23] He X, Guo H, Yue X, et al. Improving energy con-
version eﬃciency for triboelectric nanogenerator
with capacitor structure by maximizing surface
charge density. Nanoscale. 2015;7:1896–1903.
[24] Zhu H, Wang N, Xu Y, et al. Triboelectric nanogen-
erators based on melamine and self powered high
sensitive sensors for melamine detection. Adv Funct
Mater. 2016;26:3029–3035.
[25] Bai P, Zhu G, Zhou YS, et al. Dipole-moment-
induced eﬀect on contact electriﬁcation for tribo-
electric nanogenerators. Nano Res. 2014;7:990–997.
[26] Zhou YS, Wang S, Yang Y, et al. Manipulating
nanoscale contact electriﬁcation by an applied elec-
tric ﬁeld. Nano Lett. 2014;14:1567–1572.
[27] Chun J, Kim JW, Jung W-S, et al. Mesoporous pores
impregnated with Au nanoparticles as eﬀective
dielectrics for enhancing triboelectric nanogenerator
performance in harsh environments. Energy Environ
Sci. 2015;8:3006–3012.
[28] Zheng Q, Fang L, Guo H, et al. Highly porous poly-
mer aerogel ﬁlm based triboelectric nanogenerators.
Adv Funct Mater. 2018;28:1706365.
[29] Seung W, Yoon H-J, Kim TY, et al. Nanogenerators:
boosting power-generating performance of triboelec-
tric nanogenerators via artiﬁcial control of ferroelec-
tric polarization and dielectric properties. Adv
Energy Mater. 2017;7:1600988.
[30] Lee JW, Cho HJ, Chun J, et al. Robust nanogenera-
tors based on graft copolymers via control of dielec-
trics for remarkable output power enhancement. Sci
Adv. 2017;3:e1602902.
[31] Jeong CK, Baek KM, Niu S, et al. Topographically-
designed triboelectric nanogenerator via block copo-
lymer self-assembly. Nano Lett. 2014;14:7031–7038.
[32] Wang S, Lin L, Wang ZL. Nanoscale
triboelectric-eﬀect-enabled energy conversion for
sustainably powering portable electronics. Nano
Lett. 2012;12:6339–6346.
[33] Zhou T, Zhang L, Xue F, et al. Multilayered electret
ﬁlms based triboelectric nanogenerator. Nano Res.
2016;9:1442–1451.
[34] Cheng L, Xu Q, Zheng Y, et al. A self-improving
triboelectric nanogenerator with improved charge
density and increased charge accumulation speed.
Nat Commun. 2018;9:3773.
[35] Liu W, Wang Z, Wang G, et al. Integrated charge
excitation triboelectric nanogenerator. Nat
Commun. 2019;10:1426.
[36] Chung J, Yong H, Moon H, et al. Capacitor inte-
grated triboelectric nanogenerator based on metal–
metal contact for current ampliﬁcation. Adv Energy
Mater. 2018;8:1703024.
[37] Persson BNJ, Scaraggi M, Volokitin AI, et al. Contact
electriﬁcation and the work of adhesion. Europhys
Lett. 2013;103(3):36003.
[38] Duke CB, Fabish TJ. Contact electriﬁcation of poly-
mers: A quantitative model. J Appl Phys. 1978;49
(1):315–321.
[39] Diaz AF, Wollmann D, Dreblow D, et al. Contact
electriﬁcation: ion transfer to metals and polymers.
Chem Mater. 1991;3:997–999.
[40] Lee L-H. Dual mechanism for metal-polymer contact
electriﬁcation. J Electrost. 1994;32:1–29.
[41] Pan S, Zhang Z. Triboelectric eﬀect: A new perspec-
tive on electron transfer process. J Appl Phys.
2017;122:144302.
[42] Xu C, Zi Y, Chi A, et al. On the electron-transfer
mechanism in the contact-electriﬁcation eﬀect. Adv
Mater. 2018;30:1706790.
[43] Xu C, Wang AC, Zou H, et al. Raising the working
temperature of a triboelectric nanogenerator by
quenching down electron thermionic emission in
contact-electriﬁcation. Adv Mater. 2018;30:1803968.
[44] Wu J, Wang X, Li H, et al. Insights into the mechan-
ism of metal-polymer contact electriﬁcation for tri-
boelectric nanogenerator via ﬁrst-principles
investigations. Nano Energy. 2018;48:607–616.
Sci. Technol. Adv. Mater. 20 (2019) 935 J. M. BAIK AND J. P. LEE
[45] Li HY, Su L, Kuang SY, et al. Signiﬁcant enhancement
of triboelectric charge density by ﬂuorinated surface
modiﬁcation in nanoscale for converting mechanical
energy. Adv Funct Mater. 2015;25:5691–5697.
[46] Wang J, Wu C, Dai Y, et al. Achieving ultrahigh
triboelectric charge density for eﬃcient energy
harvesting. Nat Commun. 2017;8:88.
[47] Pong W, Brandt D, He ZX, et al. Contact charging of
insulating polymers. J Appl Phys. 1985;58:896–901.
[48] Kim KN, Jung YK, Chun J, et al. Surface dipole
enhanced instantaneous charge pair generation in tribo-
electric nanogenerator. Nano Energy. 2016;26:360–370.
[49] Wang S, Zi Y, Zhou YS, et al. Molecular surface
functionalization to enhance the power output of
triboelectric nanogenerators. J Mater Chem A.
2016;4:3728–3734.
[50] Zhang X-S, Han M-D, Wang R-X, et al. High-
performance triboelectric nanogenerator with enhanced
energy density based on single-step ﬂuorocarbon plasma
treatment. Nano Energy. 2014;4:123–131.
[51] Shang W, Gu GQ, Yang F, et al. A sliding-mode
triboelectric nanogenerator with chemical group
grated structure by shadow mask reactive ion
etching. ACS Nano. 2017;11:8796−8803.
[52] Dudem B, Huynh ND, Kim W, et al. Nanopillar-array
architectured PDMS-based triboelectric nanogenerator
integrated with a windmill model for eﬀective wind
energy harvesting. Nano Energy. 2017;42:269–281.
[53] Mao Y, Zhao P, McConohy G, et al. Sponge-like
piezoelectric polymer ﬁlms for scalable and integra-
table nanogenerators and self-powered electronic
systems. Adv Energy Mater. 2014;4:1301624.
[54] Kwon YH, Shin S-H, Kim Y-H, et al. Triboelectric
contact surface charge modulation and piezoelectric
charge inducement using polarized composite thin
ﬁlm for performance enhancement of triboelectric
generators. Nano Energy. 2016;25:225–231.
[55] Seung W, Yoon H-J, Kim TY, et al. Boosting
power-generating performance of triboelectric
nanogenerators via artiﬁcial control of ferroelectric
polarization and dielectric properties. Adv Energy
Mater. 2017;7:1600988.
[56] Wu C, Kim TW, Park JH, et al. Enhanced tribo-
electric nanogenerators based on MoS2 monolayer
nanocomposites acting as electron-acceptor layers.
ACS Nano. 2017;11:8356–8363.
[57] Cui N, Gu L, Lei Y, et al. Dynamic behavior of the
triboelectric charges and structural optimization of
the friction layer for a triboelectric nanogenerator.
ACS Nano. 2016;10:6131–6138.
[58] Shao JJ, Tang W, Jiang T, et al. A multi-dielectric-
layered triboelectric nanogenerator as energized by
corona discharge. Nanoscale. 2017;9:9668–9675.
[59] Wu C, Kim TW, Choi HY. Reduced graphene-oxide
acting as electron-trapping sites in the friction layer
for giant triboelectric enhancement. Nano Energy.
2017;32:542–550.
[60] Park H-W, Huynh ND, Kim W, et al. Electron
blocking layer-based interfacial design for
highly-enhanced triboelectric nanogenerators. Nano
Energy. 2018;50:9–15.
[61] Thomas P, Satapathy S, Dwarakanath K, et al.
Dielectric properties of poly(vinylidene ﬂuoride)/
CaCu3Ti4O12 nanocrystal composite thick ﬁlms.
eXPRESS Polym Lett. 2010;4(10):632–643.
[62] Iida K, Nakamura S, Sawa G. Dielectric break-
down and molecular orientation of poly(4,4ʹ-
Oxydiphenylene Pyromellitimide). Jpn J Appl
Phys. 1994;33:6235–6239.
[63] Liu G, Chen Y, Gong M, et al. Enhanced dielectric
performance of PDMS-based three-phase percolative
nanocomposite ﬁlms incorporating a high dielectric
constant ceramic and conductive multi-walled carbon
nanotubes. J Mater Chem C. 2018;6:10829–10837.
[64] Xu L, Bu TZ, Yang XD, et al. Ultrahigh charge
density realized by charge pumping at ambient con-
ditions for triboelectric nanogenerators. Nano
Energy. 2018;49:625–633.
Sci. Technol. Adv. Mater. 20 (2019) 936 J. M. BAIK AND J. P. LEE
